ABSTRACT: We show the intracellular upregulation of NO production after mechanical stimulation, an essential chemical signal in bone remodeling. This is done in real time using the fluorescent chromophore DAR-4M AM. Differences in cellular response to mechanical stimulation of different regions of a single cell were observed.
INTRODUCTION

B
ONES ARE SUBJECTED to varying mechanical loads during daily activities. With in physiological limits, bones adapt their mass and architecture to the loading conditions to optimize their load-bearing capacity. This occurs by the phenomenon of bone remodeling, which in short is bone resorption followed by bone formation in accordance to the loading conditions. Osteocytes are widely accepted to be the mechanosensors of bone. (1) In the mineralized bone matrix, osteocytes are housed in the lacunae and form intercellular connections through their cell processes (2, 3) which run through the canaliculi. According to the lacunocanalicular flow hypotheses, (4, 5) mechanical load on bone leads to flow of interstitial fluid through the lacunocanalicular network, which in turn imparts shear stress on the osteocytes, thereby mechanically stimulating them. The mechanically stimulated osteocytes produce signaling molecules such as NO, (6) which modulate the activity of the bone-forming cells, the osteoblasts, and that of the boneresorbing cells, the osteoclasts, thus orchestrating bone remodeling. (7) This leads to an overall maintenance of bone mass and to an adaptation of architecture resulting in bone adaptation to mechanical loading. (8) Although osteocytes are generally believed to be the mechanosensory cells of the bone, it is still unclear which part of the osteocyte (e.g., the cell body or the cell processes) plays determinant role in mechanosensing. It has been suggested that the excitation mechanism of osteocytes is caused by a unique strain amplification that results from the interaction of the pericellular matrix and the cell process cytoskeleton. (9) The prominent actin bundles in the osteocytic processes in combination with the abundance of the actin-bundling protein fimbrin are typical for osteocytes. (10) In light of these developments, it becomes important to delineate the role of different parts of the osteocyte in mechanosensing and thereby establish the role played by cell body and cell processes in mechanosensing, and thus bone remodeling. Thus, information is needed on the single osteocyte's response to localized mechanical loading. NO is essential for load-induced bone formation in vivo. (11, 12) Several studies have shown that NO production is rapidly increased in response to mechanical stress in bone cells, including isolated osteocytes. (13) (14) (15) (16) The mechanism of action of NO in bone mechanotransduction is not fully elucidated, but NO production has been used as a marker for studying the mechanosensitivity of osteocytes. (6) NO is produced when L-arginine is converted to Lcitrulline in the presence of NO synthase (NOS) enzyme, (17) molecular oxygen, NADPH, and other cofactors. (18) In bone, the constitutive endothelial NOS (eNOS) is known to produce NO as a result of fluid shear stress. (15) eNOS is co-localized with the protein caveolin 1 in the perinuclear regions. (19) NO is a small and highly reactive molecule. It reacts very fast and has a physiological half-life of 0.1-5 s, which makes its online detection difficult. Sensitive NO detection markers close to the production site in a cell are required to monitor intracellular NO production in single osteocytes as a response to mechanical loading.
Many direct and indirect methods for NO detection have been proposed. (20) (21) (22) (23) We used DAR-4M AM chromophore (24) to monitor upregulation of intracellular NO production in single bone cells. DAR-4M AM is a membrane permeable chromophore. Once inside the cell, it is hydrolyzed to membrane impermeable DAR-4M. DAR-4M chelates cellular NO and forms a stable fluorescent triazole compound, DAR-4MT, intracellularly, which can be visualized using a fluorescence microscope.
In this study, we applied this NO detection method to study bone cell activation by bio-imaging the upregulation of intracellular NO production in single bone cells in response to a localized mechanical stimulation by optical tweezers or microneedle. We studied the intracellular NO production after mechanical stimulation of the cell body and the cell process in a single MLO-Y4 cell. This might lead to better understanding of the phenomenons like mechanosensing, mechanotransduction, bone remodeling, and thus bone adaptation.
MATERIALS AND METHODS
Bone cell culture
MLO-Y4 osteocyte-like cells (a kind gift from Dr Bonewald, San Antonio, TX, USA) (25) were cultured in 25-cm 2 flasks (Nunc, Roskilde, Denmark) in DMEM (Gibco, Paisley, UK) at 37°C in 5% CO 2 in air. DMEM was supplemented with 5% FBS, 5% calf serum (CS), 100 U/ml penicillin (Sigma, St Louis, MO, USA), 50 g/ml streptomycin sulphate (Gibco), and 1.25 g/ml fungizone (Gibco). Cells between passages 30-40 were harvested using 0.25% trypsin (Difco Laboratories, Detroit, MI, USA) and 0.1% EDTA (Sigma) in PBS and seeded at 5 × 10 3 cells/cm 2 on polylysine-coated (50 g/ml; poly-L-lysine hydrobromide, molecular weight 15-30 × 10 4 ; Sigma) glass coverslips (Menzel-Glaser, Braunschweig, Germany) in DMEM with supplements. They were incubated overnight at 37°C with 5% CO 2 in air for surface attachment before mechanical stimulation.
MC3T3-E1 osteoblast-like cells (kindly provided by Dr Kumegawa, Saitama, Japan) were cultured in 25-cm 2 flasks (Nunc) in DMEM, supplemented with 10% FBS, 50 g/ml ascorbate (Merck, Darmstadt, Germany), 300 g/ml Lglutamine (Merck), 50 g/ml gentamycin (Gibco), and 1.25 g/ml fungizone (Gibco), at 37°C with 5% CO 2 in air. Cells between passages 10-20 were harvested and incubated overnight in DMEM with supplements similar to MLO-Y4 cells.
Intracellular NO
DAR-4M AM (Calbiochem, Merck KGaA, Darmstadt, Germany) is a rhodamine based membrane permeable chromophore. (24) When incubated with cells it enters the cells owing to the presence of an acetoxymethyl ester (AM) moiety. Once intracellular, the AM moiety is hydrolyzed by cytoplasmic esterases to form DAR-4M rendering it membrane impermeable. As soon as the cell produces NO, DAR-4M reacts with it to form a triazole compound, DAR-4MT. DAR-4MT is stable, fluorescent, and membrane impermeable and can be visualized using a rhodamine filter.
For chromophore loading, overnight cultured cells were incubated with 10 M DAR-4M AM for 1 h at room temperature in DMEM without phenol red (Gibco). Extracellular chromophore was gently washed away with D-MEM without phenol red, and cells were mechanically stimulated as described below.
Intracellular NO production was monitored as increase in fluorescence intensity in each single DAR-4M AMloaded cell. The excitation wavelength used was 545 nm, and emission spectra peaked at 580 nm. The excitation light was shuttered to obtain exposure time of <1 s to avoid any possible illumination effects on the fluorescence intensity of the cells. The fluorescence intensity was quantified using Scion Beta software (Scion Corp., Frederick, MD, USA) and Leica Confocal Software (Leica Microsystems, Wetzlar, Germany). Stabilized basal level intracellular NO production in the corresponding cell immediately before mechanical stimulation or a nonstimulated DAR-4M AMloaded reference cell was taken as control. L-NAME (10 mM Sigma) was used to inhibit NO production, and 6 mM SNAP (Sigma) was used as extracellular NO donor to verify the specificity of NO detection by DAR-4M AM chromophore.
Optical tweezers
Fibronectin-coated (Boehringer Mannheim, Mannheim, Germany) colloidal particles (2 m diameter; G Kisker, Steinfurt, Germany) were incubated for 30 minutes at room temperature with surface-attached, chromophore-loaded MC3T3-E1 cells and MLO-Y4 cells (Fig. 1A) . A membrane-attached colloidal particle was trapped in the laser beam and subjected to oscillatory motion (150-550 pN, 0.5-3 Hz, 1 minute) using an acoustic optical deflector to modulate the position of the optical trap. The cells were deformed ∼20%, as measured by comparing the range of the oscillatory movement of the cell surface-attached colloidal particle to the diameter of the respective cell. Fluorescence images were recorded at one frame per 10-15 minutes.
Microneedle
Chromophore-loaded MLO-Y4 cells were mechanically stimulated (Fig. 1B) for 20-40 s using a microneedle (Transferman NK2; Eppendorf, Hamburg, Germany). Cells were gently poked with the smallest z-position resolution of the micromanipulator (150 nm) or strongly indented by 1-2 m. Because the typical height of the cells attached on the substrate is 3-5 m, the corresponding strain is 3-5% for gentle poking and 15-20% for strong indentation. Fluorescence images showing intracellular NO production in single bone cells were recorded at one frame per 5-15 s.
RESULTS
Specificity of DAR-4M AM to detect NO was verified by performing chromophore loading in the MLO-Y4 cells in presence of L-NAME, a known specific blocker of intracellular NO production (Fig. 2) . (26) Fluorescence intensity was almost negligible in the presence of L-NAME, whereas addition of SNAP, an NO donor, to the L-NAME -treated cells increased their fluorescence intensity (Fig. 2B) . Moreover, there was a dose-dependent increase in fluorescence after addition of SNAP to a fix concentration of DAR-4M in suspension (data not shown).
A single DAR-4M AM chromophore loaded MLO-Y4 cell showed fluorescence intensity in both the cell body and the cell processes (Fig. 3) . The fluorescence intensity was more pronounced in the perinuclear region of the cytoplasm. Before mechanical stimulation, basal level NO production by the cells was observed (Figs. 4A and 5A ). Basal level NO production was found to vary in MLO-Y4 and MC3T3-E1 cells and even between cells in the same field of view. For localized mechanical stimulation of a single cell, the cells were chosen based on their typical morphology (stellate shaped for osteocytes and cuboidal for osteoblasts) within their respective osteocyte or osteoblast cultures and sufficient chromophore uptake (leading to a uniform visible fluorescence signal before mechanical stimulation).
We studied the effect of localized mechanical loading using optical tweezers, on intracellular NO production in DAR-4M AM loaded MC3T3-E1 osteoblast-like cells, and MLO-Y4 osteocyte like cells (Fig. 4) . The cells were deformed ∼20%, as measured by comparing the range of the oscillatory movement of the cell surface-attached colloidal particle to the diameter of the respective cell. In cell 1, this deformation resulted in nearly a 2-fold increase in the fluorescence intensity in the stimulated cell compared with a nonstimulated reference cell (Fig. 4C) . To exclude intercellular differences in intracellular NO production in response to mechanical loading, the fluorescence intensity of a single cell (cell 2) after stimulation was compared with the stabilized fluorescence intensity just before mechanical stimulation in the same cell (Fig. 4C ). There was a 15% increase in fluorescence intensity in cell 2 compared with its nonstimulated state (Fig. 4C) . A second stimulation of this cell resulted in a further 25% increase in fluorescence intensity.
To gain more access to different parts of a single cell, we used a microneedle to mechanically stimulate the cell body of DAR-4M AM loaded single MLO-Y4 cells, and studied the intracellular NO response by measuring fluorescence intensity of the cells. There was a fluorescence increase of 15% in cell 1 and 16% in cell 2 over their respective non- stimulated state in 8 minutes (Fig. 5C ), whereas the reference cell showed 1% fluorescence increase during the same time period.
We also stimulated a single cell process by using microneedle and studied the intracellular NO response of the whole cell (Fig. 6) . Mechanical stimulation of a single cell process resulted in an increase in fluorescence intensity in stimulated cells 1 and 2 (Fig. 6 ). There was a slow but prolonged 2-10% increase in fluorescence intensity in the stimulated cells compared with their respective fluorescence intensity just before stimulation. In cell 1, the first microneedle stimulation resulted in a 2% increase in fluorescence intensity over the nonstimulated state, and a second and third microneedle stimulation resulted in additional 4% increase after each stimulation. There was <1% increase in fluorescence intensity in the nonstimulated reference cell. 
DISCUSSION
The purpose of this study was to monitor upregulation of intracellular NO production in single bone cells after a localized mechanical stimulation using DAR-4M AM as an NO marker. To this aim, we studied the effect of two different kinds of localized mechanical stimulations, namely optical tweezers and microneedle. MLO-Y4 osteocyte-like cells and MC3T3-E1 osteoblast-like cells were used. Fine spatial resolution of DAR-4MT enabled us to observe that the cells displayed varying basal levels of intracellular fluorescence intensities, even within the same monolayer culture. This difference in basal level fluorescence intensities can be attributed to either difference in basal NO production in these cells or difference in intracellular chromophore metabolism owing to the differences in amounts of cytoplasmic esterases and/or the cell membrane composition. Pronounced perinuclear fluorescence intensity was observed, which is expected because of the known colocalization of eNOS with caveolin 1 proteins in the perinuclear region. (19) The bone cells' response to mechanical loading has predominantly been studied in cell culture monolayers or entire bone. (6, 13, (27) (28) (29) However, it is believed that single-cell level mechanosensing and chemical signaling in osteocytes orchestrates bone adaptation.
(1) NO has been shown to modulate the activity of bone forming (11, 12) and boneresorbing cells and also as a marker for studying the mechanosensitivity of osteocytes. (6) NO is a free radical gas, which acts as a second messenger exhibiting wide range of physiological and pathophysiological effects. (30) Its short half-life and rapid diffusion is a great challenge for its online monitoring. Fluorescent markers have already been introduced for online intracellular NO monitoring in cells, (23) but they were limited in their use because of their narrow pH working range and interference by autofluorescence from the cellular components as these markers used shorter excitation wavelengths. Recently introduced DAR-4M AM chromophore overcomes these limitations. (24) In a cell-free study, in the presence of NO, DAR-4M AM has been shown to have higher fluorescent conversion than other fluorescent markers. (31) In this study, the specificity of the DAR-4M AM in the presence of peroxinitrite was questioned, but under physiological conditions, such high concentrations of intracellular peroxinitrite are not kinetically feasible. (32) Over the last decade, both theoretical modeling and experimental data have led to the general notion that osteocytes are the pivotal cells in the biomechanical regulation of bone mass and structure. (1, 7, 14, (33) (34) (35) (36) (37) Earlier studies have clearly shown that pulsatile fluid shear stress upregulates NO production in osteocytes. (6) Current methods of pulsatile fluid shear stress stimulation impart cytoskeletonmediated diffuse mechanical load on the entire cell surface in a monolayer culture. This does not allow one to study the role played by different parts of a single osteocyte in mechanosensing and mechanotransduction. To overcome this problem, we used cytoskeleton-mediated localized mechanical loading by optical tweezers and site-specific mechanical loading of cell body or cell process by microneedle. Upregulation of intracellular NO production was observed after cytoskeleton-mediated localized mechanical loading. This technique can be used for further quantified studies on the response of a single bone cell to varying regimes of mechanical loading.
Mechanical stimulation of both cell body and single cell process resulted in upregulation of intracellular NO production. Stimulation of the cell body resulted in a rapid upregulation of intracellular NO production, which stabilized within 100-150 s. Mechanical stimulation of a single cell process resulted in slow upregulation of intracellular NO production, which stabilized over a 300-to 400-s time period. Thus, we showed for the first time that both cell body and cell processes might play a role in mechanosensing and mechanotransduction in bone.
In summary, we showed that real-time monitoring of intracellular NO production in single bone cells is feasible after a localized mechanical stimulation using DAR-4M AM chromophore. The upregulation of intracellular NO production in the locally stimulated cells shows differences in cellular response to mechanical loading of different regions of the single cell, suggesting that both the cell body and the cell processes play a role in mechanosensing in single osteocytes. This paves the path for further studying the role played by the osteocyte cell processes and/or the cell body in mechanosensing and mechanotransduction and hence bone remodeling.
